The synthesis, isolation, and characterization of stable Nheterocyclic carbenes (NHCs) first reported by Arduengo et al. 1) in 1991, have attracted attention for the use of NHCs as ancillary ligands for transition metal complexes. Due to their strong s-donating properties, NHCs can form metal complexes that have high stabilities toward heat, moisture, and air, and they have higher catalytic abilities than their phosphine counterparts. [2] [3] [4] [5] [6] NHCs are now used as ligands for transition metals in many important chemical transformations such as Pd-catalyzed coupling reactions, 7) Ru-catalyzed olefin metathesis, 8) Rh-catalyzed hydrosilylations, [9] [10] [11] and Cu-catalyzed conjugate addition reactions. [12] [13] [14] Moreover, NHCs have attracted considerable attention as organocatalysts in several reactions such as benzoin condensation, [15] [16] [17] [18] [19] [20] Stetter reaction, [21] [22] [23] transesterification/acylation reactions, 24, 25) and nucleophilic substitution reactions. [26] [27] [28] In our study on the use of NHCs as ligands in organic transformations, we have recently reported the addition of diethylzinc to N-sulfonylarylimines catalyzed by 29) where NHCs exhibit a strong ligand acceleration effect (LAE). This finding has prompted us to investigate the applicability of a similar methodology to the Rh-NHC complex-catalyzed addition of phenylboronic acid to imines.
The synthesis, isolation, and characterization of stable Nheterocyclic carbenes (NHCs) first reported by Arduengo et al. 1) in 1991, have attracted attention for the use of NHCs as ancillary ligands for transition metal complexes. Due to their strong s-donating properties, NHCs can form metal complexes that have high stabilities toward heat, moisture, and air, and they have higher catalytic abilities than their phosphine counterparts. [2] [3] [4] [5] [6] NHCs are now used as ligands for transition metals in many important chemical transformations such as Pd-catalyzed coupling reactions, 7) Ru-catalyzed olefin metathesis, 8) Rh-catalyzed hydrosilylations, [9] [10] [11] and Cu-catalyzed conjugate addition reactions. [12] [13] [14] Moreover, NHCs have attracted considerable attention as organocatalysts in several reactions such as benzoin condensation, [15] [16] [17] [18] [19] [20] Stetter reaction, [21] [22] [23] transesterification/acylation reactions, 24, 25) and nucleophilic substitution reactions. [26] [27] [28] In our study on the use of NHCs as ligands in organic transformations, we have recently reported the addition of diethylzinc to N-sulfonylarylimines catalyzed by Cu-NHC complexes, 29) where NHCs exhibit a strong ligand acceleration effect (LAE). This finding has prompted us to investigate the applicability of a similar methodology to the Rh-NHC complex-catalyzed addition of phenylboronic acid to imines.
The addition reaction of organometallic reagents to imines is one of the most efficient procedures for the synthesis of diarylmethylamines, which are important subunits of biologically significant compounds. [30] [31] [32] [33] Despite many studies on the Rh-phosphine complex-catalyzed addition of arylboronic acids to imines, 34, 35) there is only one study, i.e., that by Charette and coworkers, in which the Rh-NHC complex is used. 36) Here, we report our results on the addition of arylboronic acid to both N-sulfonylarylimines and N-phosphinoylarylimines by using a catalytic amount of Rh-NHC complexes.
Results and Discussion
In the study by Charette and coworkers, the Rh-NHC complex was prepared in situ using the NHC-transfer reagent Ag-NHC and used as a catalyst in the arylation of pmethylphenyl-N-phosphinoylimine with phenylboronic acid. 36) They showed only one reaction example. We examined the catalytic ability of the Rh-NHC complex generated in situ 37) from azolium salts and [RhCl(cod)] 2 for the arylation of imines. The Rh-NHC complex was prepared from [RhCl(cod)] 2 , 1,3-diadamantylimidazolium chloride 2a, and t-BuOK; then, N-sulfonylphenylimine 1a 38) and phenylboronic acid were added to the mixture. The reaction in dioxane at 70°C for 5 h afforded N-sulfonyldiarylmethylamine 3a in 91% yield ( Table 1 , entry 1). The reaction without 2a in dioxane afforded the desired product 3a in only 62% yield after 10 h at 70°C (entry 2). These results showed and indicated that the NHC ligand accelerated the addition reaction. The reaction in THF afforded 3a in 48% yield, whereas in toluene, the reaction was very sluggish and gave no adducts (Table 1 , entries 3-4). On the basis of these results, dioxane was used as a solvent in the later reactions.
The addition reactions of phenylboronic acid to 1a were carried out using imidazolium salts with mesityl substituent 2b, triazolium salt 2c, and thiazolium salt 2d as ligand precursors. Using imidazolium salt 2b and triazolium salt 2c, the addition product was isolated in high yields ( Table 2 , entries 1 and 2). In the case of thiazolium salt 2d, only a small amount of addition product was obtained ( Table 2 , entry 3). From these results, it was found that triazolium salt 2c also functioned as a potential ligand precursor.
Various N-sulfonylarylimines 1b-h were subjected to the Rh-NHC complex-catalyzed addition reaction with phenylboronic acid. The substituted phenylimines with both electron-donating and electron-withdrawing groups, 1b-f, reacted readily with phenylboronic acid in the presence of a catalytic amount of the Rh-NHC complex to give the corresponding amines in high yields (Table 3 , entries 1-5).
Bulky N-sulfonylaryl imines (1-naphthylimine 1g and 2-trimethylsilylphenylimine 1h) were also phenylated with phenylboronic acid, affording the corresponding amines in high yields (Table 3 , entries 6 and 7). Next, this procedure was applied to the other substrates, i.e., N-phosphinoylarylimines. When the optimal conditions for the addition of phenylboronic acid to N-sulfonylarylimines were applied to the reaction of N-phosphinoylarylimines, only imine hydrolysis was observed. To overcome this problem, the addition reactions were carried out in the presence of activated, powdered MS 4A. As a result, the addition reaction of phenylboronic acid using a catalytic amount of the Rh-NHC complex was successfully applied to the arylation of N-phosphinoylarylimines 4a-d 39) that were derived from benzaldehyde, 4-chlorobenzaldehyde, 4-methylbenzaldehyde, and 2-naphthaldehyde, affording the corresponding addition products 5a-d in high yields (Table 4 , entries 1-4). In the study by Charette et al., 4c was used as a substrate and the addition product 5c was obtained in 77% yield after heating for 36 h at 50°C. 36) In our examples, arylation gave better yields and we used the addition reaction in a wide range of substrates.
Conclusion
In conclusion, we have demonstrated a very efficient procedure for the addition of phenylboronic acid to both N-sulfonylarylimines and N-phosphinoylarylimines. The reaction rate is higher than that in the study by Charette and coworkers, in which the Rh-NHC complex is used as a catalyst. 36) The use of a catalytic amount of the Rh-NHC complex enables us to synthesize diarylmethylamines in high yields. In our laboratory, further investigations are in progress for developing an asymmetric version of this addition reaction.
Experimental
General Melting points were determined using the Yazawa micromelting point apparatus without correction.
1 H-NMR (500 MHz) and 13 C-NMR (126 MHz) spectra were recorded on a JEOL ECA-500 NMR spectrometer. IR spectra were recorded on a Shimadzu IRPrestige-21. FAB-MS spectra were recorded on a JEOL MStation JMS-700 mass spectrometer using m-nitrobenzyl alcohol as a matrix. Column chromatography was carried out with silica gel 60 N (spherical, acidic; Kanto Chemical Co., Inc.).
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